Abstract The microstructure evolution of cold-rolled and isochronally annealed Fe-24Mn-3Al-2Si-1Ni-0.06C twinning induced plasticity steel was investigated by electron back-scattering diffraction (EBSD). Deformation behaviour of a fully recrystallised sample was tracked in a selected area as a function of the true strain using a combination of interrupted tensile testing and EBSD. The results show that the cold rolled microstructure contained a large fraction of primary and secondary twins as well as remnants of annealing twins carried over from the prior hot rolling stage. A novel deconstruction technique was applied to a partially recrystallised sample in order to separate the microstructure into deformed, recovered, newly nucleated and growing recrystallised grains. The interrupted tensile tests revealed the formation of fine striations in grains with h111i and h110i orientations just after yielding. While the striations could be attributed to either stacking faults or the formation of fine twin packets, some of them manifested as twin boundaries as the true strain was increased up to 0.209.
Introduction
Increasing demand for economical and environmentfriendly cars through reduced weight and CO 2 emissions has stimulated the development of newer advanced high strength steels. Austenitic TWinning Induced Plasticity (TWIP) steels with high Mn content (23-35 wt%) and additions of Al (3-4 wt%) and Si (1-3 wt%) possess low stacking fault energy (18- 40 mJ/m 2 ) which causes concurrent slip and twinning during plastic deformation [1] [2] [3] [4] . The operation of these two deformation accommodation mechanisms leads to high strain hardening rates and results in excellent combinations of ultimate tensile strength (600-1,100 MPa) and total elongation ([50 %) [1, 2] . Understanding how TWIP steel microstructures: (1) undergo annealing after cold-rolling or (2) accommodate deformation after full recrystallisation enables the optimisation of their production/processing parameters in order to tailor them to return a particular combination of mechanical properties. For example, fine grained microstructures in TWIP steels obtained either by significant rolling reductions or by a decrease in the annealing temperature results in high strengths while maintaining acceptable ductility levels [5, 6] . On the other hand, the preservation of the deformed, nano-twinned structure along with a reduced total dislocation density due to recovery-type heat treatments produces an even better combination of strength and ductility [7] .
To-date, detailed investigations of the microstructure evolution during the recrystallisation of cold rolled TWIP steels are limited [8] [9] [10] [11] [12] . There are also very few studies that detail the exact changes occurring during the deformation of fully recrystallised TWIP microstructures [4, [13] [14] [15] . Although some work on the deformation behaviour of TWIP steels has been carried out using in situ diffraction measurements [16, 17] , the observation of their microstructure evolution during straining is typically limited to ex-situ examinations of various samples and different areas [4, [13] [14] [15] .
To this end, the present work extensively employs the Electron Back-Scattering Diffraction (EBSD) technique to track microstructure evolution in TWIP steel during: (1) isochronal annealing after cold-rolling to 42 % thickness reduction, and (2) uniaxial tensile loading of a fully recrystallised sample in a selected area of interest.
Experimental and Analytical Procedure
An as-cast TWIP steel slab with the nominal composition 24Mn-3Al-2Si-1Ni-0.06C wt% was homogenised at 1,100°C for 2 h, hot rolled to 52 % thickness reduction at the same temperature in 4 passes at *17 % reduction per pass then cold rolled to 42 % thickness reduction (equivalent to a true strain of 0.55) in 11 passes at *4.8 % reduction per pass. 30 9 10 9 7.3 mm 3 samples were cut from the coldrolled strip and subjected to isochronal annealing between 600 and 850°C which included 240 s of heating to stable temperature and 300 s of soaking time followed by immediate water quenching. Vickers microhardness with a 500 g load was used to estimate the fraction softened as a function of the isochronal annealing temperature.
All EBSD mapping was undertaken on a JEOL-JSM7001F field emission gun-scanning electron microscope fitted with a Nordlys-II(S) camera and the Oxford Instruments AZtec software suite operating at 15 kV, *2-5 nA and 15 mm working distance. Microstructure characterisation of the isochronally annealed samples was conducted on the rolling direction (RD)-normal direction (ND) plane of the samples in the middle of the sample crosssectional thickness.
Step sizes of 0.05 and 0.4 lm were used for the cold rolled sample in order to acquire selected and large area statistics, respectively. While a step size of 0.125 lm was used for the 600°C sample, a step size of 0.175 lm was manintained constant for all other partially recrystallised conditions. Post-processing of the EBSD maps was carried out using the HKL Channel-5 software package. Low-angle grain boundaries (LAGBs) and high-angle boundaries (HAGBs) possess misorientations between 2°B h \ 15°and 15°B h B 57.5°respectively. The total high angle grain boundary (THAGBs, 15°B h B 62.5°) population comprises HAGBs and twin boundaries (TBs). The twin boundaries consist of first order (R3 = 60°h111i) and second order (R9 = 38.9°h 101i) TBs.
The partially recrystallised EBSD map for the 700°C condition was deconstructed into subsets comprising deformed, recovered, newly nucleated and growing recrystallised grains in accordance with the methodology described in Ref. [18] . In brief, the unrecrystallised and recrystallised fractions were first separated using a grain orientation spread (GOS) threshold (h C ) of 1.5°. Then the unrecrystallised fraction was further sub-divided into deformed and recovered subsets by applying an internal misorientation threshold of 7°. Lastly, the recrystallised fraction was subdivided into newly nucleated and growing recrystallised grains by applying a threshold based on the arithmetic mean of the frequency distribution of the recrystallised grain size. The latter accounts for the increasing (sub)grain size with higher isochronal annealing temperature.
To study the deformation behaviour, a flat dog-bone shaped tensile sample of 25 mm gage length and 5 mm width was wire-cut from the 850°C, fully recrystallised material such that its gage length and width were parallel to the rolling (RD) and the transverse (TD) directions, respectively. Uniaxial tensile testing was undertaken on an in-house modified 5 kN Kammerath & Weiss tensile stage operating in speed control mode at 5 lm/s. The tension test was interrupted at predetermined load levels and the EBSD mapping was conducted on a defined area of interest in the middle of the gage length at a constant step size of 0.1 lm.
Results and Discussion

Effect of Isochronal Annealing
The change in microhardness as a function of the isochronal annealing temperature and the area fractions softened and recrystallised estimated from microhardness and The microstructure of the cold-rolled sample comprises elongated grains along the RD (Fig. 2a) where the imposed strain was accommodated inhomogeneously via various deformation modes. Some grains are free of twins and deformed via slip only, whereas others contain twins and in some instances, microscopic shear bands [as indicated by the arrows in Fig. 2a (inset) ]. The deformation twins are present either as parallel primary twins occasionally rotated towards RD or as intersecting arrangements of primary and secondary twins. In addition, some coarse annealing twins carried over from prior hot rolling are also detected. The 600°C sample (Fig. 2b ) recorded *16 % softening from the microhardness measurements and *3 % recrystallisation from the EBSD maps. The discrepancy in the above values is due to recovery processes involving the rearrangement of the dislocation substructures (carried over from cold-rolling) resulting in an overall reduction of the total accumulated stored energy [19] . Thereafter, the process of recrystallisation proceeds rapidly with an *68 % fraction softened obtained at 700°C (Fig. 2c) . The relatively fast recrystallisation kinetics up to this stage of annealing is similar to that encountered in other TWIP steels [9] .
The start of recrystallisation in the 600°C sample is associated with the bulging of annealing twins at grain boundaries (Figs. 2b, 3a) . Similar twin bulging events were seen during the recovery stage in two moderately cold rolled austenitic stainless steels [20] . Twin bulges at grain boundaries and the formation of nuclei with orientations either close to or twin related to the cold-rolled matrix are also found in the 700°C sample (Figs. 2c, 3b) . In relation to the twin-related nuclei, it was suggested that they initially nucleate with orientations close to that of the deformed matrix and then twinning proliferates in order to form HAGBs with the matrix [21] . While observing similar nucleation events during the recrystallisation of a 97 % cold rolled bronze (Cu-10Sn), Peters [22] proposed that the first nuclei form by polygonisation with orientations close to the deformed matrix; subsequent to which, first and second order twinning takes place. Following the above, the progress of recrystallisation tends to continue slightly more sluggishly; reaching an *83 % fraction recrystallised at 750°C and a 96 % fraction recrystallised at 850°C (Fig. 2d-f) . If TBs are disregarded as grain boundaries, the equivalent circle diameter-based average recrystallised grain size increases from 3.6 ± 2.7 lm at 700°C to *7.9 lm at 850°C (Table 1) . However, the grain refining effect of annealing twins is highlighted by the fact that when TBs are considered as grain boundaries, the average recrystallised grain size reduces by as much as 1.7 ± 0.2 times.
The effect of isochronal annealing temperature on the misorientation distribution is shown in Fig. 3c and the average misorientation and the various boundary area Fig. 4 Inverse pole figure maps of the 700°C sample deconstructed into a deformed, b recovered, c newly nucleated, and d growing grain fractions. e The misorientation distribution of the various fractions of the 700°C sample, and f the misorientation distributions at the interface between newly nucleated and unrecrystallised fractions of the 700, 750 and 775°C samples. RD = horizontal. Reprinted with permission from Elsevier, copyright 2011 [12] Trans
fractions are summarised in Table 1 . The cold-rolled microstructure is dominated by LAGBs along with minor fractions of HAGBs and TBs. The nucleation events seen in the 600 and 700°C samples (Fig. 3a, b) and the concurrent grain growth seen in Fig. 2b -f leads to increases in the R3 and R9 area fractions (first and second order TBs, respectively) up to the 750°C sample. Up to this point, the relatively low fraction of R9 boundaries compared to R3 [11] can be attributed to the limited impingement of R3 boundaries leading to R9 formation via the twinning reaction [23] : R3 ? R3 ? R9. Thereafter, the decrease in the R9 boundary area fraction towards the end of recrystallisation process (775 and 850°C) conforms with the ''R3 regeneration model'' proposed by Randle [23] which postulates the twinning reaction: R3 ? R9 ? R3. The unrecrystallised (deformed and recovered) and recrystallised (newly nucleated and growing grain) fractions of the partially recrystallised 700°C sample are shown in Fig. 4a-d . Their corresponding misorientation distributions are given in Fig. 4e . While the unrecrystallised fraction is dominated by LAGBs, the recovered grains have an expectedly lower fraction of LAGBs compared to the deformed grains as the recovered grains possess lower internal misorientations due to the dislocation annihilation upon annealing.
The fraction of first order R3 TBs is the lowest in the deformed grains, is higher in recovered grains, is the highest in the newly nucleated grains and then reduces again in the growing grain fraction. On the other hand, the fraction of second order R9 TBs are more pronounced in the recrystallised fractions than the unrecrystallised fractions. The lower R3 TB population in the growing grain fractions as opposed to their newly nucleated counterparts follows Gindraux and Form [24] where annealing twins proliferate to reorient the grain boundaries in order to facilitate dislocation absorption and mobility during the initial stages of recrystallisation. Here, twinning contributes significantly to the overall reduction in stored energy during nucleation. Thereafter, during the grain growth stage, the previously formed twins are annihilated and a relatively limited evolution of newer twins occurs.
The growth kinetics in TWIP steel can be explained by examining the grain boundary character at the common interface between the newly nucleated and unrecrystallised fractions via subset double-dilation [18] for the 700, 750 and 775°C samples (Fig. 4f) . The low-mobility LAGBs and TBs together constitute *59, 41 and 47 % of the total interface boundary population at 700, 750 and 775°C, respectively. It suggests that orientation-dependent, stored energy considerations have a dominant role in dictating the evolution of the microstructure during the recrystallisation process [12] . Thus, newly nucleated grains with orientations that inherently possess locally higher stored energies will have a growth advantage in order to maximise the release of the stored energy carried over from cold rolling [25] .
Effect of Uniaxial Tension
The true stress versus strain curve of the 850°C, fully recrystallised sample is given in Fig. 5 . The red circles in this figure correspond to true strains of 0, 0.0014, 0.023, 0.072, and 0.209 and are the points where the tensile test was interrupted for EBSD measurements. The microstructure evolution of the selected area with increasing tensile strain is shown in Fig. 6 via IPF maps. Similar to Fig. 2f and the discussion of its microstructure in Sect. 3.1, the initial recrystallised microstructure comprises equiaxed grains with a high fraction of annealing twin R3 boundaries ( Fig. 6a; Table 2 ).
Expectedly, no change in the microstructure is detected at a true strain of 0.0014 (cf. Fig. 6a, b) since it corresponds to a stress of *210 MPa which is lower than the macro-yielding point at *290 MPa. At a true strain of 0.0023, striations in the form of single lines or parallel packets evolve preferentially in grains with oreinations close to h111i and h110i (Fig. 6c) . These striations originate mostly at the grain and twin boundaries, while in fewer instances they start and finish within a grain. Intersecting striations were also detected in a few grains as shown by the white circle in Fig. 6c .
The number of striations increases progressively upon straining to 0.072 and 0.209 with some of them being indexed as deformation twin boundaries (indicated by the black arrows in Fig. 6d, e) . Due to the limitations of the EBSD technique in general and the adopted experimental methodology in particular, there are two possibilities related to the provenance of these striations.
As pointed out in previous studies [4] , since the thickness of deformation twins at low strain levels is in the order of tens of nanometers, they cannot be crystallographically detected due to the limited spatial resolution of the EBSD technique. With increasing strain, the twinning activity increases such that the twins stack into relatively thick bundles which are eventually detectable by EBSD.
Alternatively, TEM investigations of low stacking fault energy austenitic steels during the early stages of deformation have frequently reported the formation of stacking faults. Stacking faults were recently observed in the austenite grains of transformation induced plasticity steel at a tensile strain of 0.005 [26] . Prior to the observation of deformation twinning, stacking faults in the form of widely separated partial dislocations or as long and narrow straight striations have also been detected in a Fe-18Mn-0.6C-1.5Al TWIP steel at a tensile strain of 0.04 [15] .
As opposed to other EBSD studies on TWIP steel deformation behaviour [4] , the present work tracks the evolution of the same set of grains up to 0.209 true strain. This enables the observation of the change in the nature of the striations; from initial lines of high band contrast at 0.023 true strain to their identification as twin boundaries from 0.072 true strain onwards. Thus, rather than interpreting the striations as thin, unindexed twins, it is more probable that they are stacking faults that form preferentially at the grain and twin boundaries (Fig. 6c) . Consequently, and as proposed by Byun [27] , the divergence of the dissociated partial dislocations to an infinite separation distance with increasing tensile strain leads to twin formation. The black areas in Fig. 6d , e depict unindexed regions in the EBSD maps due to the increase in the surface roughness of the sample via the orange-peel effect which is a manifestation of the anisotropic nature of plastic strain within individual grains [28] . Additionally, and with increasing tensile strain, grains start popping out of the plane of the tensile sample surface forming peaks and valleys; which indicates that a significant part of the strain is accommodated at the grain boundaries.
The change in the grain boundary area fraction with increasing tensile strain is given in Table 2 . The area fraction of LAGBs continues to increase and is associated with a concurrent decrease in the HAGBs and R3 TBs population.
Since both annealing and deformation twin boundaries follow the same R3 = 60°h111i relationship, it is not possible to distinguish between them on the basis of misorientation or crystallography. However, the main advantage of observing the same area while a sample undergoes uniaxial tension is that it also allows us to track the evolution of the annealing twins at different strains. As illustrated by the white ovals in Fig. 6d , e, the annealing twin boundaries at 0.023 and 0.072 strain are later identified as regular HAGBs at a tensile strain of 0.209 (Fig. 6e) . This decay of the annealing twin boundaries is due to the local lattice rotation at the sides of the TBs leading to a deviation from the exact 60°h111i relationship [29] . This deviation increases with greater tensile strain until it exceeds the employed tolerance limit of 6°(following the PalumboAust criterion). Hence, such boundaries are no longer identified as TBs but are rather recognised as being regular HAGBs. Accordingly, and despite the evolution of deformation twins, the area fraction of TBs generally decreases with increasing tensile strain. An additional reason for the diminishing twin boundary fraction is the masking effect associated with the increasing area fraction of LAGBs (Table 2) .
Lastly, an example detailing the effect of deformation twinning is discussed. The orientations of twin-free and twinned grains at a tensile strain of 0.209 are shown on the IPF in Fig. 6f as clear black and solid red squares, respectively. The dashed black line on the IPF (Fig. 6f) indicates the area where the Schmid factors for slip and twinning are equal. Thus the area to the left of the dashed line denote orientations with higher Schmid factors that favour slip while the region to the right of the dashed line comprise orientations with higher Schmid factors that favour twinning. In this regard, Fig. 6f clearly shows some twinned grains (solid red squares) falling to the left of the dashed black line and within the region that favours slip. This observation is in agreement with previous investigations that correlate twinning activity with the crystallographic orientations of TWIP steels [13, 14] . GutierrezUrrutia et al. [14] suggested that while the orientation dependence of twinning follows Schmid's law at low strains, it increasingly deviates away from it with greater accumulated strain. They ascribed the deviation to the local stress concentration effect which is induced by the interaction with neighbouring grains. On the other hand, we postulate that the presumed deviation from Schmid's law at higher tensile strains is the result of the increased feasibility of twin nucleation via extrinsic stacking faults in orientations with low Schmid factors for twinning [30] .
Conclusions
The application of EBSD allows for detailed insights into the evolution of the microstructure in TWIP steel during isochronal annealing and uniaxial tensile loading. The strain imposed during cold rolling to 42 % thickness reduction was accommodated via various deformation mechanisms including slip, twinning and micro-shear banding. From the early stages of recrystallisation, annealing twins contribute to nucleation events as twin bulges and twin-related nuclei. The subsequent growth of the newly nucleated grains is affected by orientationdependent, stored energy considerations as well as secondorder twinning.
During the early stages of uniaxial tensile loading, the presumed formation of stacking faults were observed as striations in grains with orientations close to h111i and h110i. With increasing tensile strain, some of these striations were successfully indexed as twin boundaries. The area fraction of annealing twin boundaries decreases with greater tensile strain due to local lattice rotation effects which lead to a deviation from the exact 60°h111i relationship. The deviation from Schmid's law with increasing tensile strain can be ascribed to the increased feasibility of twin nucleation via extrinsic faulting in grains that are nominally regarded as being unfavourably oriented for twinning.
